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Wetland methane (CH4) emissions are the largest natural source in the global CH4 budget, contributing to 
roughly one third of total natural and anthropogenic emissions. As the second most impor-tant 
anthropogenic greenhouse gas in the atmosphere after CO2, CH4 is strongly associated with climate 
feedbacks. However, due to the paucity of data, wetland CH4 feedbacks were not fully assessed in the 
Intergovernmental Panel on Climate Change Fifth Assessment Report. The degree to which future expansion 
of wetlands and CH4 emissions will evolve and consequently drive climate feedbacks is thus a question of 
major concern. Here we present an ensemble estimate of wetland CH4 emissions driven by 38 general 
circulation models for the 21st century. We find that climate change-induced increases in boreal wetland 
extent and temperature-driven increases in tropical CH4 emissions will dominate anthropogenic CH4 emissions 
by 38 to 56% toward the end of the 21st century under the Representative Concentration Pathway (RCP2.6). 
Depending on scenarios, wetland CH4 feedbacks translate to an increase in addi-tional global mean 
radiative forcing of 0.04 W·m−2 to 0.19 W·m−2 by the end of the 21st century. Under the “worst-case” RCP8.5 
scenario, with no climate mitigation, boreal CH4 emissions are enhanced by 18.05 Tg to 41.69 Tg, due to 
thawing of inundated areas during the cold season (December to May) and rising temperature, while tropical 
CH4 emissions accelerate with a total increment of 48.36 Tg to 87.37 Tg by 2099. Our results suggest that 
climate mitigation policies must consider mitigation of wetland CH4 feedbacks to maintain average global 
warming below 2 °C.

Terrestrial wetlands are among the largest biogenic sources of
methane contributing to growing atmospheric CH4 concen-

trations (1) and are, in turn, highly sensitive to climate change
(2). However, radiative feedbacks from wetland CH4 emissions
were not considered in the Coupled Model Intercomparison
Project Phase 5 (CMIP5), and Integrated Assessment Models
(IAM) assumed anthropogenic sources to be the only driver
responsible for the increase of atmospheric CH4 burden since the
1750s (3). The role of wetland CH4 emissions, however, may play
an increasingly larger role in future atmospheric growth of meth-
ane because of the large stocks of mineral and organic carbon stored
under anaerobic conditions in both boreal and tropical regions.
Paleoclimatological and contemporary observations of the climate
sensitivity of wetland methane emissions suggest the potential for a
large feedback (4), but there remains large uncertainty in quanti-
fying the actual range of the response (5, 6).
Increasing air temperature is linked to the thawing of permafrost

and to increased rates of soil microbial activity (7), which directly
lead to greater CH4 production in soils due to thaw-induced
change in surface wetland areas (8). In the tropics, wetland areal
extent is also influenced by precipitation, which affects the area of

surface inundation, water table depth, and soil moisture that, in
turn, promote methanogenesis. Elevated CO2 concentrations can
increase ecosystem water use efficiency and thus soil moisture,
and also increase soil carbon substrate availability for microbial
activities (9). Tropical wetlands, for which a decline in inunda-
tion was observed in recent decades (10), are already exposed to
increasing frequencies in extreme climate events, e.g., heat waves,
floods, and droughts, and changes in rainfall distribution (11) and
variability in methane emissions (12). Meanwhile, northern high-
latitude ecosystems are experiencing a more rapid temperature
increase than elsewhere globally and with increased rates of soil
respiration (13), yet, locally at least, no response in methane
emissions (14). Despite the importance of these feedbacks noted
by the Intergovernmental Panel on Climate Change Fifth As-
sessment Report (IPCC AR5) (15), a comprehensive assessment
of long-term global CH4 feedbacks from changing wetland CH4
emissions is still lacking.

To address uncertainties related to climate−wetland CH4
feedbacks, we simulated an ensemble of wetland CH4 emissions
for the 21st century, and then quantified the wetland CH4 con-
tribution to radiative forcing (RF). Global mean air temperature
change was estimated using the reduced complexity carbon cycle
and climate model Model for the Assessment of Greenhouse-
Gas Induced Climate Change Version 6 (MAGICC6) (16) and a
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sustained pulse−response model (17). A state-of-the-art land
surface model, Lund–Potsdam–Jena Dynamic Global Vegeta-
tion Model (LPJ-DGVM) Wald Schnee und Landscaft version
(LPJ-wsl), was used to quantify terrestrial wetland CH4 emis-
sions, in which permafrost and wetland area distribution and
dynamics were estimated prognostically (18). Simulated global
CH4 emissions, calibrated such as to minimize the discrepancy
between contemporary global annual CH4 emissions, were esti-
mated as a function of substrate, soil temperature, and soil
moisture (19). Statistically representative estimates of mean and
variance of future CH4 emissions outputs were generated from
112 climate projections originating from 38 climate models of
the CMIP5 ensemble (SI Appendix, Table S1) covering four
Representative Concentration Pathway (RCP) storylines (20).

Materials and Methods
Wetland Definition. Wetlands are defined here as the land area that is either
permanently or seasonally saturated, excluding small ponds, lakes, and
coastal wetlands. Permanent wetlands comprise three general types: mineral
wetlands (swamps and marshes), peatlands (permafrost, bog, fens), and sea-
sonally flooded shallow water (floodplains). The methane-producing area is
thus linked to inundation and freeze−thaw dynamics, which change geo-
graphically and temporally in response to soil water dynamics.

Model Description. The LPJ-wsl model is a process-based dynamic global
vegetation model developed for carbon cycle applications based on devel-
opment of the LPJ-DGVM (21). LPJ-wsl includes land surface processes, such
as water and carbon fluxes, as well as vegetation demography and dynamics
that are represented by plant functional types (PFTs) (22). The distribution of
PFTs is simulated based on a set of bioclimatic limits and by plant-specific
parameters that govern their physiological behavior and their competition
for resources. Soil hydrology is modeled using a two-layer bucket model for
hydrology and is coupled to an eight-layer freeze−thaw scheme and one-
layer snow model to determine permafrost extent and ice content (23, 24)
(SI Appendix, Methods).

Wetland area and dynamics were simulated following a modified version
of the topography-based hydrological model (TOPMODEL) using a prescribed
high-resolution topographic index based on amapping product, hydrological
data and maps based on shuttle elevation derivatives at multiple scales
(HydroSHEDS) (25). HydroSHEDS was shown to agree most closely with observed
wetland area in a comparison with existing global elevation datasets and
parameterization schemes (18). Our TOPMODEL approach was optimized by
calibrating parameters to match observations from a hybrid wetland area
dataset (26) and a regional remote sensing surface inundation dataset (27).

We modeled net wetland CH4 emissions to the atmosphere restricted to
land areas where anaerobic soil conditions create low redox potentials re-
quired for methanogenesis. Net CH4 emissions are estimated daily by com-
bining wetland area (A) within a grid cell (x) with two soil temperature- and
moisture-dependent scaling factors (rCH4:C and fecosys) applied to heterotro-
phic respiration (Rh),

Eðx, tÞ= rCH4 :C · fecosysðxÞ ·Aðx, tÞ ·Rhðx, tÞ, [1]

where Eðx, tÞ is the net wetland CH4 flux, rCH4:C is a fixed ratio of soil C to CH4

emissions, and fecosys is a modifier that varies the CH4 emission intensity for
different biomes, which is optimized to match average annual emissions
from an atmospheric inversion model (28). This approach thus estimates net
methane emissions directly, and indirectly accounts for the individual pro-
cesses of production and consumption of methane, and the various trans-
port processes from the soil to the atmosphere. The comparisons of global
and regional net CH4 emissions between LPJ-wsl and other biogeochemical
models are listed in SI Appendix, Table S2.

RF Calculations. Two methodologies for calculating RF were used to quantify
the climate feedback from additional changes in CH4 emissions from wet-
lands. The first method uses the carbon cycle climate model MAGICC6 (16),
and the second method uses an emission-driven sustained pulse−response
model (17), both relative to a reference year 1765. Because of the challenge
to isolate the effect of anthropogenic forcing from wetland forcing in
MAGICC6, the simple sustained pulse−response model was used to assess the
impact of wetlands on RF by using prescribed anthropogenic sources since
1765 and adding the estimated total wetland emissions from LPJ-wsl. Before
1961, wetland CH4 emissions were generated, following a uniform distribution,

by randomly selecting emissions from 1961 to 1990 to bring the RF value
into equilibrium.

In MAGICC6, the lifetime of tropospheric methane is calculated by in-
tegrating the effects of hydroxyl radicals (OH) with the temperature-based
chemical reaction rates. The observed CH4 concentration changes over
time are more accurately quantified by the net result of variations in emis-
sions of multiple chemical compounds that affect the OH chemical sink, such
as ozone, nitrogen oxides, carbon monoxide, and volatile organic com-
pounds. In addition, the net atmospheric lifetime of CH4 is determined by
lifetimes of tropospheric OH, upland soil uptake, and the stratospheric los-
ses. We prescribed the wetland CH4 concentrations and corresponding an-
thropogenic CH4 emissions for each RCP from IPCC AR5 (20).

In contrast, the sustained pulse−response model applies the perturbation
lifetime of methane, which is designed to describe the overall long-term RF
from CH4 reactions with OH in the atmosphere (e.g., water vapor in strato-
sphere), as a constant value of 12.4 y (15). The instantaneous RF from CH4

contributions at year t since the reference year t′, here the year 1765, is given by

RFCH4ðtÞ= ξCH4
ACH4

Zt

0

Φðt′Þeðt′−tÞ=τdt′, [2]

where ξCH4
is a multiplier for CH4 set to be 1.3; ACH4 is the greenhouse-gas

radiative efficiency (1.3 × 10−13 W·m−2·kg−1); and τi is the fixed perturbation
lifetime for CH4 (12.4 y). ΦðtÞ is a first-order decay function representing the
lifetime of an individual net input of CH4 into the background atmosphere
according to IPCC 2013 (15),

ΦðtÞ= r0e−
t
τ , [3]

where r0 is the initial perturbation, and τ is the perturbation lifetime of CH4.
To estimate RF of equal mass of CO2 in the atmosphere, five CO2 decay pools
with different fractions fi(26%, 24%, 19%, 14%, and 18%) and adjustment
times τi (3.4 y, 21 y, 71 y, 421 y, and 108 y) are applied to describe the more
complicated behavior of CO2 (17). Thus the total CO2 RF is given by

RFCO2ðtÞ=
X4
i=0

«iAifi

Zt

0

Φiðt′Þeðt′−tÞ=τi dt′. [4]

To quantify the global warming effect of wetland and anthropogenic CH4

sources, we used a modified metric Sustained Global Warming Potential
(SGWP) [unit: kilograms CO2-equivalents per year (kg CO2-eq·y

−1)] (29) to
evaluate the total cumulative RF effect from a persistent individual CH4

source, which was defined as the sum of the time-integrated total RF (unit:
watts per square meter), from Eqs. 2 and 4, over a given time horizon due to
a sustained pulse emission of annual CH4 emission (unit: teragrams) relative
to a sustained pulse emission of an equal mass of CO2 under present-day
background conditions. This equation is given by

SGWPCH4ðHÞ=
PRH

0 RFCH4ðtÞdtPRH
0 RFCO2ðtÞdt

, [5]

where H represents a certain time horizon. The SGWP for wetland and an-
thropogenic emissions was calculated with an initial year of 1765.

To quantify the total global warming contribution of wetland CH4

emissions compared with anthropogenic counterpart, a Wetland Dominance
Index (WDI) (unit: percent) was defined using following equation:

WDI=
�
SGWPwetland

SGWPanth
− 1

�
×100, [6]

where SGWPanth represents SGWP caused by anthropogenic activities.

Input Data and Model Experiments. As input to LPJ-wsl, the simulated me-
teorology, air temperature, total precipitation, and cloud cover from each of
the CMIP5 models available from the Earth System Grid Federation was
spatially downscaled and bias-corrected to match the spatial resolution (0.5°)
and historical period of overlap (1960–1990) from Climatic Research Unit
Time Series (CRU TS) Version 3.2.2. We conducted two sets of simulations for
each of the climate projections, (i) a single spin-up simulation for 1,000 y with
randomly selected, detrended 1961–1990 climate, and a constant atmospheric
CO2 concentration of 303 ppm by volume (the average for 1961–1990) and (ii)
a combined historical and future simulation with time-varying CO2 and cli-
mate data as defined by the corresponding RCP (20).

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618765114/-/DCSupplemental/pnas.1618765114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618765114/-/DCSupplemental/pnas.1618765114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618765114/-/DCSupplemental/pnas.1618765114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1618765114


Uncertainty Analysis. A statistical emulation of LPJ-wsl was parameterized to
quantify model structural uncertainty and evaluate how it affected the
simulated CH4 fluxes. We adapted the multiple regression approach from
ref. 30 and applied this within a Monte Carlo (MC) analysis to estimate the
distribution of CH4 emissions for each simulation. Parameters in the statistical
model were fitted for each RCP. We assumed the parameters of the statistical
model followed a normal distribution and used a 2D Latin Hypercube Sam-
pling algorithm to generate 10,000 sets of parameters for each climate pro-
jection (SI Appendix, Fig. S7). We then conducted MC simulations with Eq. 1,
for a total of 40,000 calculations, to derive the range of CH4 emissions for each
RCP (SI Appendix, Fig. S8). These ranges were only applied in MAGICC6 and the

simple sustained pulse−response model, to include the impact of model
structural uncertainty on RF and SGWP calculations.

Results and Discussion
Mean global annual CH4 emissions from natural wetlands were
projected to increase from 172 Tg CH4·y

−1 (1σ SD, ±12 Tg
CH4·y

−1) at present to 221.6 ± 15, 255 ± 20, 272 ± 21, and 338 ±
28 Tg CH4·y

−1 in RCP2.6, RCP4.5, RCP6.0, and RCP8.5, re-
spectively, by 2100 (Fig. 1A). In the strong climate mitigation
scenario (RCP2.6), which includes the possibility of reaching the
policy-relevant 2 °C target, wetland CH4 emissions peak around
the 2050s, with an average of ∼225 Tg CH4·y

−1, and decline
thereafter. In contrast, RCP4.5 reveals wetland CH4 emissions to
increase to ∼246 ± 21 Tg CH4·y

−1 before the 2070s and then
keep constant, with slightly lower emissions than the RCP6.0
scenario. In the “business-as-usual” scenario, RCP8.5, wetland
CH4 emissions roughly double by the 2090s relative to present-
day emissions, with an increasing trend throughout the century.
Based on the MAGICC6 approach, we find a 21st century wet-
land CH4 RF feedback ranging from 0.04 ± 0.002 W·m−2 in
RCP2.6, to 0.08 ± 0.003 W·m−2 in RCP4.5, to 0.11 ± 0.004 W·m−2

in RCP6.0, to 0.19 ± 0.01 W·m−2 in RCP8.5 (Fig. 1B). These CH4
RFs estimated by MAGICC6 are equivalent to 0.04 ± 0.001 °C,
0.07 ± 0.004 °C, 0.08 ± 0.006 °C, and 0.12 ± 0.01 °C increases in
global mean temperature (Fig. 1C) under RCP2.6, RCP4.5, RCP6.0
and RCP8.5, respectively. Compared with the anthropogenic CH4
emissions, wetlands account for 14.6 to 25.1% of the total projected
RF change.
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Fig. 1. Simulated future wetland CH4 emissions, net RF, and net increase in
global mean temperature using the simple carbon cycle climate model
MAGICC6. Colored lines represent ensemble average estimates from using
CMIP5 model outputs, and shaded areas represent the upper and lower
range of estimates (Left). Mean and one-SD at the end of the 21st century
(mean over AD 2099) for each metric are given by the bars (Right).
(A) Simulated wetland CH4 emissions driven by CMIP5 datasets for four RCPs.
(B) Net RF from anthropogenic emissions with consideration of wetland CH4

emissions feedback (solid lines) calculated by MAGICC6 and original pro-
jected RCPs without wetland CH4 feedback (dashed lines) in IPCC AR5 and
CMIP5, as well as observed RF (black solid line) based on atmospheric
measurement from National Oceanic and Atmospheric Administration
(NOAA) Annual Greenhouse Gas Index (AGGI). (C) Change in global mean
temperature caused by wetland CH4 feedback from MAGICC6 model.
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Fig. 2. Evolving pattern of wetland and anthropogenic CH4 C change over
varying time horizon since 1765 using simple sustained pulse−response
model. (A) Time series of SGWP for wetland and anthropogenic CH4 emis-
sions. (B) Comparison of RF dominance between wetland and anthropogenic
emissions. Here RF dominance is defined as a ratio of SGWP from wetlands
to SGWP from anthropogenic sources. Shaded areas represent the upper and
lower range of wetland estimates. Here the SGWPs from wetland and an-
thropogenic emissions were calculated as integrated RF of CH4 since pre-
industrial time (1765).

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618765114/-/DCSupplemental/pnas.1618765114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618765114/-/DCSupplemental/pnas.1618765114.sapp.pdf


The ensemble estimates of SGWP demonstrate the possibility
that wetlands overwhelm anthropogenic CH4 emissions in driv-
ing future climate impacts under RCP26 (Fig. 2B). The wetland
SGWP remains relatively constant at equilibrium state, and then
varies with climate scenario (9.7 ± 0.3 kg CO2-eq·y

−1, 10.7 ±
0.3 kg CO2-eq·y

−1, 11.2 ± 0.4 kg CO2-eq·y
−1, and 12.9 ± 0.7 kg

CO2-eq·y
−1 at the end of the 21st century for RCP26, RCP45,

RCP60, and RCP85, respectively) (Fig. 2A). The constant SGWP
represents an equilibrium state of the global methane budget
before 1765, as assumed by IAM whereby chemical sinks balance
most of natural emissions. The WDI exhibited large variation
driven by RCP scenario, for example, for RCP2.6, natural wetlands
clearly play a dominant role by the end of the 21st century, with
WDI of −47 ± 9%. In contrast, the WDI kept a relatively constant
value (55 ± 8%) since the 2050s under RCP8.5, suggesting that
climate impact by wetlands is just half of the effect relative to
increased anthropogenic emissions. Additionally, the climate
feedback parameter, λ, from wetlands CH4 is ∼0.03 ± 0.001
W·m−2·K−1 under RCP85 (SI Appendix, Fig. S6), which falls within
the range of previous estimates (2) and is approximately one tenth

of the surface albedo feedback from melting snow and ice
cover (31).
Changes in 21st century wetland CH4 emissions are strongly

linked to the climate response wetland area extent and seasonality,
which showed a diverse response across biomes (SI Appendix, Fig.
S1). Ignoring potential human modification of wetlands, e.g.,
peatland drainage, the mean annual maximum global wetland
area is expected to be 13% larger (∼0.72 ± 0.19 Mkm2) in the
2090s for RCP8.5 scenario (SI Appendix, Fig. S2), whereas ear-
lier studies have assumed no significant change in wetland area
(32). Regionally, reduced precipitation causes a small decrease
(∼0.06 ± 0.01 Mkm2 for RCP85) in tropical wetland area, whereas
thawing of the near-surface permafrost stimulates a large increase
(∼0.58 ± 0.15 M·km2 for RCP85) in boreal wetland area. However,
despite decreasing tropical wetland extent and increased frequency
of tropical drought, tropical wetlands remain the world’s largest
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Fig. 3. Regional changes in wetland area extent and CH4 emissions. (A) Con-
tribution of CH4 emissions from cold seasons (December to May) in boreal
wetlands in WSL. Thick lines correspond to linear regression fits of ensemble
anomalies. ΔCH4 represents increasing contribution of CH4 emission from cold
seasons as percentage. (B) Annual variability in CH4 emissions for the Amazon
basin, which is defined as SDs of CH4 fluxes within a year.
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Fig. 4. Role of regional wetlands in changing wetland status and CH4

emissions. (A) Scatterplot shows relationship between ensemble anomalies
of annual wetland variability and anomalies of annual CH4 emissions
relative to 1960–1990 average levels for regional wetlands under RCP8.5.
The linear least square regression fits represent the evolving trajectories of
CH4 emissions with increasing CH4 emissions. The horizontal arrow repre-
sents the direction of increasing wetland CH4 emissions with shifting
patterns of inundation seasonality. The vertical arrow represents the
evolving directions of both CH4 emissions and inundation seasonality with
time. (B) Increment of CH4 emissions with rising temperature for regional
wetlands. Background colors represent increases of global temperature
from ensemble estimate of CMIP5 models under RCP8.5. Dots indicate
regional increase of temperature at certain time. Details of calculation are
provided in SI Appendix, Methods.
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natural source responsible for ∼53.2 ± 0.7% by the end of the 21st
century in RCP8.5. The annual contribution of boreal wetlands
increases by ∼3.6 ± 0.5% from the present to the end of the 21st
century, indicating higher sensitivity to climate change-driven CH4
emissions in boreal regions because of thawing permafrost.
The increase in methane-producing wetlands in boreal regions

was due primarily to increased near-surface soil moisture fol-
lowing permafrost thaw. More than half of global wetland area is
positively correlated with air temperature while ∼40% is nega-
tively correlated (SI Appendix, Fig. S3). For instance, the West
Siberian Lowland (WSL), one of the largest boreal wetlands,
comprising ∼12.9% of the global peatland area, exhibits an in-
crease in CH4 emissions during the transition from winter to
spring, i.e., December to May (SI Appendix, Fig. S4). This orig-
inates from an increase in the thaw period and from higher
heterotrophic respiration induced by higher soil temperatures.
Projected thawing of permafrost and associated wetland expan-
sion will largely affect CH4 emissions from the taiga forest region
in the WSL. From around the mid-2040s, a strong linear increase
(R2 = 0.93, P < 0.01) of CH4 emissions with time, at a rate of 0.16%
per year from winter to spring seasons, will occur under RCP8.5,
despite environmental conditions changing more slowly in the WSL
(R2 < 0.21, P > 0.01) under all scenarios (Fig. 3A).
Long-term simulated tropical CH4 emission changes are

mainly associated with a shift in precipitation patterns. The partial
correlation between global CH4 emissions and climatic variables
shows that spatial variation of CH4 emissions is associated mainly
with precipitation, and that this is especially important in tropical
regions where the annual cycle of wet to dry seasons varies con-
siderably. Consistent with an observed increase in the dry season in
Amazonia since 1979 (11), our ensemble estimates predict a
slightly negative trend in the basin-wide annual areal maximum of
Amazonian wetlands by ∼4% by the 2090s under RCP8.5. Despite
there being no significant change in the proportion of CH4 emis-
sions from dry seasons across all RCP scenarios, we did find a
steady increase in annual variability of CH4 emissions (Fig. 3B).
We found a statistically significant relationship between sea-

sonal wetland area variability and the increase in annual CH4
emissions, despite diverse mechanisms driving large-scale CH4
emission changes among wetlands (Fig. 4A). In addition, we
show that seasonality of wetland area is an indicator for moni-
toring the long-term dynamics of CH4 emissions at continental
scale. Altered patterns in the trend of wetland variability co-
incide with the onset of a strong linear increase in CH4 emissions
in boreal wetlands, which suggests that CH4 emissions are largely
increased during cold seasons (December to February, March to
May) afterward (SI Appendix, Fig. S5). The net growth rate of CH4
emissions from the summer to autumn seasons is larger than that
from the winter to spring seasons after the 2040s. In addition, the
growth rates measured by regression lines among all regions
characterize the strength of emitting CH4 among major re-
gions, where tropical wetlands show higher contributions than
the other regions.

Our CH4 RF estimates are subject to considerable uncertainties
associated with estimation of natural sources and the resulting
climate feedback. The representation of processes in LPJ-wsl as-
sumes no effect of shifting spatial pattern of vascular plants on
CH4 transport from soil into atmosphere, which could lead to an
underestimation of CH4 emissions. Furthermore, microbial com-
munity composition might play an important role in driving CH4
fluxes, but the biogeographical distribution of methanogen com-
munities and their metabolic processes at ecosystem-scale are poorly
understood due to the lack of observational data. In addition, un-
certainties in RF estimates are also associated with the parameter
values of the CH4 lifetime and variations of global chemical CH4
sinks, e.g., OH concentrations. To better understand the evolution
of atmospheric CH4 concentrations in the future, comprehensive in
situ and remote sensing monitoring of CH4 emissions and changes
in wetland area are required.
The potential sensitivity of wetland CH4 emissions to rising

temperature highlights the need for limiting global warming below
the 2 °C target. Climate-driven CH4 emission feedbacks were pos-
itive for each wetland region (Fig. 4B), with large variability re-
lated to the different sensitivities of methanogenesis, freeze−thaw
dynamics, and surface inundation. The timing of feedbacks was also
variable, with increases in tropical wetlands emissions appearing
to have a fairly abrupt response once global mean temperature
approached 2 °C warming, whereas boreal wetlands, especially bo-
real North America, had more gradual increases in emissions due to
expanding wetland area (33). Taking into account these additional
changes in RF caused by increasing wetland CH4 emissions em-
phasizes the need to consider wetland CH4 feedbacks in IAM and
to develop comprehensive greenhouse gas mitigation strategies. In
addition, policy-relevant temperature targets must continue to in-
corporate assessments of feedbacks from terrestrial and oceanic
systems for both CO2 and non-CO2 gases, like methane and nitrous
oxide. With atmospheric methane concentrations now tracking the
more fossil fuel-intensive scenarios (34), further insight into the
climate sensitivity of methane sources and their chemical sinks re-
mains of high importance.
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SI	Appendix	1	

Supporting	Methods	2	

1.	LPJ-wsl	Description	3	

The	parameters	of	rCH4:C	and	fecosys	 in	LPJ-wsl	methane	model	used	in	this	study	4	
are	 calibrated	 together	 as	 a	 scaling	 ratio	 F(x)	 to	 a	 global	 CH4	 fluxes	 from	 an	5	
inversion	model	(1)	by	fitting	a	function	of	two	weighted-regional	scaling	factors,	6	
one	 representing	 tropical	 (-30°S-30°N,	 FT)	 and	 the	 other	 representing	 boreal	7	
(45°N-90°N,	FB)	wetland	climate:	8	

!(!) =  !!"!:! ∙ !!"#$%$(!) =  !(!) ∙ !! + (1− ! ! ) ∙ !! 																	(1)	9	

where	 !(!) 	represents	 the	 CH4-emitting	 capacity	 function.	 By	 using	 this	10	
approach,	the	model	is	capable	to	account	for	broad	ecosystem	difference	in	CH4-11	
emitting	 capacity	 among	 wetland	 ecosystem	 types.	 The	 weighting	 of	 wetland	12	
land	 type	 is	 prognostically	 defined	 based	 on	 surface	 temperature	 using	13	
equations	below:	14	

!(!) = exp(!(!)− !!"#) /8											 											(2)	15	

where	T(x)	represents	mean	surface	temperature,	and	Tmax=303.35°K.	The	mean	16	
surface	 temperature	map	 is	 using	 annual	 average	 of	 1960-1990	 from	 CRU	 TS	17	
3.2.2.	 After	 applying	 a	 non-linear	 least	 fitting	 with	 Gauss-Newton	method,	 we	18	
derived	the	FT	and	FB	with	value	of	0.0418	and	0.0163	respectively.		19	

The	 permafrost	 module	 in	 LPJ-wsl	 is	 based	 on	 LPJ-WHyMe	 v.1.3.1	 (2)	20	
freeze/thaw	 cycle	 and	 dynamics	 snow	 module	 with	 an	 updated	 soil	21	
parameterizations	 (3).	 Soil	 texture	 is	 based	 on	 the	 Harmonized	 World	 Soil	22	
Database	 using	 the	 Cosby	 equation	 (4)	 to	 calculate	water-holding	 capacity	 for	23	
the	 upper	 and	 lower	 layers.	 The	 response	 of	 ecosystem	 respiration	 rate	 to	 air	24	
temperature	is	based	on	empirical	relationships,	which	incorporate	damping	of	25	
Q10	 response	 due	 to	 temperature	 acclimation	 (5).	 This	 version	 considers	 the	26	
reduction	of	water	infiltration	in	frozen	soil,	which	is	represented	by	scaling	the	27	
potential	 infiltration	with	 the	reduction	of	 liquid	water	holding	capacity	within	28	
the	upper	soil	layer	(0-20	cm)	by	presence	of	ice	in	the	soil	(6),	which	leads	to	an	29	
increase	 of	 surface	 runoff	 during	 early	 spring	 and	 thus	 affect	 CH4	 emissions	30	
through	 influencing	 the	 plant	 water	 stress	 function	 and	 water	 availability	 for	31	
litter	degradation	.	32	

2.	Anthropogenic	emission	and	concentration	datasets	33	

The	 anthropogenic	 CH4	 emissions	 for	 MAGICC6	 simulations	 were	 from	 RCP	34	
Database	 v2.0	 (http://tntcat.iiasa.ac.at:8787/RcpDb,	 last	 accessed	 July	 12th,	35	
2017),	 in	 which	 harmonized	 and	 consolidated	 greenhouse	 gases	 data	 are	36	
projected	 for	 4	RCPs.	 The	 CH4	 concentration	 datasets	 for	RCPs	 applied	 for	 the	37	
simple	 sustained-pulse	 model	 were	 from	 prescribed	 IPCC	 AR5	 trajectories,	38	
which	were	simulated	by	MAGICC6	based	on	combining	a	suite	of	atmospheric	39	
concentration	observations	and	emissions	estimates	for	historical	period	and	the	40	



harmonized	emission	projected	by	four	different	Integrated	Assessment	Models	41	
for	2005-2100	(7).	See	Table	S3	for	the	emissions	by	model	and	Dataset	S1	for	42	
ensemble	mean	estimates	of	wetland	CH4	emissions	and	wetland	areas.	43	

3.	Uncertainty	Analysis	44	

A	Monte	Carlo	analysis	with	one	box	model	were	applied	to	investigate	the	45	
uncertainties	of	the	CH4	estimates	from	LPJ-wsl.	We	adapted	a	multiple	46	
regression	approach	from	Piao,	et	al.	(8)	to	empirically	estimate	the	response	of	47	
CH4	emissions	to	climate	variability	(interannual	Mean	Annual	Temperature	48	
(MAT)	and	annual	precipitation)		over	the	future	RCPs:	49	

! = !!"#!! + !!"#!! + !		 		(3)	50	

where	y	is	the	detrended	anomaly	of	CH4	emissions	from	the	LPJ-wsl	simulation	51	
for	each	RCPs.	The	variables	xT	is	the	detrended	MAT	anomaly,	and	xP	is	the	52	
detrended	annual	precipitation	anomaly.	The	fitted	regression	coefficients	γint	53	
and	δint	define	the	apparent	CH4	emission	sensitivity	to	interannual	variations	in	54	
temperature	and	precipitation,	and	the	ε	the	residual	error.		The	detrending	55	
function	from	TTR	R	package	(http://CRAN.R-project.org/package=TTR)	was	56	
used	to	detrend	the	anomalies	of	temperature,	precipitation,	and	CH4	emissions.	57	
The	regression	coefficients	are	calculated	using	maximum	likelihood	estimates	58	
(MLE).	Please	note	that	here	for	simplicity,	we	assume	γint	and	δint	is	the	59	
dominant	effect	of	climate	variations	on	CH4	emissions	and	temperature	and	60	
precipitation	are	independent,	although	actually	they	might	covary	over	time.	61	
Figure	R1	clearly	show	the	different	distribution	of	derived	CH4	sensitivity	of	62	
LPJ-wsl	to	climate	variations,	where	CH4	emissions	is	more	sensitive	to	63	
temperature	change	among	RCPs	while	it	doesn’t	show	significant	difference	in	64	
precipitation	pattern	among	RCPs.	Then	we	assume	these	two	parameters	65	
following	normal	distributions,	and	used	a	Latin	Hypercube	sampling	(LHS)	66	
algorithm	to	develop	10,000	sets	of	parameters	for	each	RCP.	We	then	conducted	67	
Monte	Carlo	(MC)	simulations	with	equation	(1)	for	a	total	of	40,000	68	
calculations.	Based	on	these	MC	ensemble	simulations,	we	quantitatively	69	
estimate	the	potential	uncertainties	of	CH4	emission	that	include	the	uncertainty	70	
from	CMIP5	forcings,	as	well	as	the	uncertainty	from	model	structure.		71	

72	

4.	Partial	Correlation	73	

We	performed	 two	 sets	 of	 partial	 correlation	 analysis:	 (1)	 ensemble	 estimated	74	
wetland	area	from	LPJ-wsl	and	ensemble	of	precipitation,	and	temperature	from	75	
CMIP5	 outputs;	 (2)	 ensemble	 estimated	 CH4	 emission	 from	 LPJ-wsl	 and	76	
precipitation	 and	 temperature	 from	CMIP5.	 In	 Fig	 S3	 and	 Fig.	 S4	 the	 resulting	77	
significant	(p	<	0.01)	correlation	are	shown.	78	

79	

5.	Climate	feedback	calculation	80	

We	 adopt	 the	 linear	 assumption	 of	 climate	 feedback	 and	 use	 equation	 to	81	
calculate	climate	feedback	parameter	!	:	82	



! − ! =  !∆! (4)	83	

where	F	is	net	forcing	strength,	N	represents	net	heat	flux	uptake	by	ocean,	ΔT	84	
represents	the	climate	states.	All	the	variables	above	are	derived	from	MAGICC6	85	
simulations	to	calculate	the	parameter	!	for	each	RCP.	The	wetland	CH4	feedback	86	
is	calculated	by	the	parameter	derived	from	scenarios	with	wetland	CH4	87	
emission	subtracting	that	without	wetland	CH4	emissions.		Fig.	S6	shows	the	time	88	
evolution	of	wetland	CH4	feedback	for	each	RCP.	89	

6.	Calculation	of	CH4	emissions	response	to	rising	temperature	90	

In	Fig.	4b,	increments	of	wetland	CH4	emissions	with	rising	temperature	for	91	
regional	wetlands	(defined	in	Fig.	S1)	are	calculated	as	the	ratio	of	annual	total	92	
CH4	emission	increment	(delta	Tg/yr)	to	area-weighted	annual	mean	93	
temperature	increment	(delta	°C)	for	each	regional	wetland.	The	ratios	of	94	
wetland	CH4	emissions	response	to	changing	temperature	were	estimated	95	
continuously	using	a	10-year	moving	window	from	2000	to	2100.	96	

97	
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Table	S1.	Details	of	the	WCRP	CMIP5	global	climate	models	used	in	this	study.	Check	marks	indicate	which	scenarios	were	used.	99	

Model	 Country	 Institute	 RCP2.6	 RCP4.5	 RCP6.0	 RCP8.5	

ACCESS1.0	 Australia	 Commonwealth	Scientific	and	Industrial	Research	Organisation	 ✓	 ✓	

ACCESS1.3	 Australia	 Commonwealth	Scientific	and	Industrial	Research	Organisation	 ✓	 ✓	

BCC_CSM1.1	 China	 Beijing	Climate	Center,	China	Meteorological	Administration	 ✓	 ✓	 ✓	 ✓	

BCC_CSM1.1-m	 China	 Beijing	Climate	Center,	China	Meteorological	Administration	 ✓	 ✓	 ✓	 ✓	

BNU-ESM	 China	 College	of	Global	Change	and	Earth	System	Science,	

Beijing	Normal	University	

✓	 ✓	 ✓	

CanESM2	 Canada	 Canadian	Centre	for	Climate	Modelling	and	Analysis	 ✓	 ✓	 ✓	

CCSM4	 United	States	 National	Center	for	Atmospheric	Research	 ✓	 ✓	 ✓	

CESM1(BGC)	 United	States	 National	Science	Foundation,	U.	S.	Department	of	Energy,	

	and	National	Center	for	Atmospheric	Research	

✓	 ✓	

CESM1(CAM5)	 United	States	 National	Science	Foundation,	U.	S.	Department	of	Energy,	

	and	National	Center	for	Atmospheric	Research	

✓	 ✓	 ✓	 ✓	

CMCC-CM	 Italy	 Centro	Euro-Mediterraneo	per	I	Cambiamenti	Climatici	 ✓	 ✓	

CMCC-CMS	 Italy	 Centro	Euro-Mediterraneo	per	I	Cambiamenti	Climatici	 ✓	 ✓	



CMCC-CESM	 Italy	 Centro	Euro-Mediterraneo	per	I	Cambiamenti	Climatici	 ✓	

CNRM-CM5	 France	 Centre	National	de	Recherches	Météorologiques	 ✓	 ✓	 ✓	

CSIRO	Mk3.6.0	 Australia	 Commonwealth	Scientific	and	Industrial	Research	Organisation	 ✓	 ✓	 ✓	 ✓	

FGOALS-g2	 China	 LASG,	Institute	of	Atmospheric	Physics,	Chinese	Academy	of	Sciences	 ✓	 ✓	

FIO-ESM	 China	 The	First	Institute	of	Oceanography	 ✓	 ✓	 ✓	 ✓	

GFDL	CM3	 United	States	 NOAA/Geophysical	Fluid	Dynamics	Laboratory	 ✓	 ✓	 ✓	

GISS-E2-H	 United	States	 NASA	Goddard	Institute	for	Space	Studies	 ✓	 ✓	 ✓	 ✓	

GISS-E2-H-CC	 United	States	 NASA	Goddard	Institute	for	Space	Studies	 ✓	

GISS-E2-R	 United	States	 NASA	Goddard	Institute	for	Space	Studies	 ✓	 ✓	 ✓	 ✓	

GISS-E2-R-CC	 United	States	 NASA	Goddard	Institute	for	Space	Studies	 ✓	

HadGEM2-AO	 United	Kingdom	 Met	Office	Hadley	Centre	 ✓	 ✓	 ✓	 ✓	

HadGEM2-CC	 United	Kingdom	 Met	Office	Hadley	Centre	 ✓	 ✓	

HadGEM2-ES	 United	Kingdom	 Met	Office	Hadley	Centre	 ✓	 ✓	

INM	CM4	 Russia	 Institute	of	Numerical	Mathematics	 ✓	 ✓	

IPSL-CM5A-LR	 France	 L’Institut	Pierre-Simon	Laplace	 ✓	 ✓	 ✓	 ✓	

IPSL-CM5A-MR	 France	 L’Institut	Pierre-Simon	Laplace	 ✓	 ✓	 ✓	 ✓	

IPSL-CM5B-LR	 France	 L’Institut	Pierre-Simon	Laplace	 ✓	 ✓	



MIROC-ESM	 Japan	 Atmosphere	 and	 Ocean	 Research	 Institute	 (AORI,	 University	 of	

Tokyo),	 National	 Institute	 for	 Environmental	 Studies	 (NIES),	 and	

JAMESTEC	

✓	 ✓	 ✓	 ✓	

MIROC-ESM-CHEM	 Japan	 AORI	(University	of	Tokyo),	NIES,	and	JAMESTEC	 ✓	 ✓	 ✓	 ✓	

MIROC5	 Japan	 AORI	(University	of	Tokyo),	NIES,	and	JAMESTEC	 ✓	 ✓	 ✓	 ✓	

MPI-ESM-LR	 Germany	 Max	Planck	Institute	for	Meteorology	 ✓	 ✓	 ✓	

MPI-ESM-MR	 Germany	 Max	Planck	Institute	for	Meteorology	 ✓	 ✓	 ✓	

MRI-CGCM3	 Japan	 Meteorological	Research	Institute	 ✓	 ✓	 ✓	 ✓	

NorESM1-M	 Norway	 Norwegian	Climate	Centre	 ✓	 ✓	 ✓	

NorESM1-ME	 Norway	 Norwegian	Climate	Centre	 ✓	 ✓	 ✓	

100	

101	



Table	 S2.	 List	 of	 global	wetland	methane	 estimates	 (unit:	 Tg	 CH4/yr)	 from	our	 ensemble	 estimates	 using	 CMIP5	models	 and	 other	102	

studies	over	the	period	1980-2000.	103	

Estimates	 Global	 Regions	 Hotspot	

Tropics	

(20N-

30S)	

Temperate	

(20-50N,	

30S-50S)	

Northern	

(>50N)	

Amazon	 WSL	 Hudson	Bay	 Alaska	

Bottom-up	

LPJ-wsl	 172.1±10.7	 125.7±3.0	 22.9±0.95	 23.4±0.76	 30.9±0.8	 3.5±0.1	 4.2±0.21	 1.7±0.2	

WETCHIMP	experiment(9)a		 190±39	 126±31	 5.4±3.2	

Zhu2015(10	)	 209-245	 38.1-55.4	

Chen2015(11	)	 35*	 3.11±0.45	

Zhu2014(12)	 34-58*	 3.1±	0.5	

Meng2012(13)	 256	 201	 12	

Ringeval2012(6)	 193.8	 102	 51	 40.8	

Riley2011(14)	 270	 160	 50	 70*	

Glagolev2011(15)	 3.91±1.3	



Wania2010(2)	 57.2*	

Melack2004(16)	 22	

Zhuang2004(17)	 57.3*	

Walter2000(18)	 260	 186	 26	 48	

Cao1996(19)	 92	 51.4	 17.2	 23.3	

Christensen1996(20)	 20±13	

Top-down	

Chang2014(21)	 2.1±0.5	

Miller2014(22)	 1.8±0.24	

Pickett-Heaps2011(23)	 2.3±0.3	

Bousquet2011(24)	 151±10	 91±11	

Bloom2010(25)	 165±50	 91±28	 4.9±1.4	

Bousquet2006(26)	 159.5	 103	 25	 31.5	

Chen2006(27)	 34±13	

Fletcher2004(28)	 231±46	



Wang	et	al.,	2004(29)	 176±10	

Houweling	et	al.,	2000(30)	 163±16	

104	

105	



Table	S3.	List	of	LPJ-wsl	simulated	wetland	CH4	emissions	for	future	RCPs	by	CMIP5	model.	106	

Model	 CH4	emissions	in	2050	(Tg	CH4/yr)	 CH4	emissions	in	2099	(Tg	CH4/yr)	

RCP2.6	 RCP4.5	 RCP6.0	 RCP8.5	 RCP2.6	 RCP4.5	 RCP6.0	 RCP8.5	

ACCESS1.0	 223.3	 254.2	 258.5	 373.7	

ACCESS1.3	 254.4	 242.4	 261.4	 352.7	

BCC_CSM1.1	 222.2	 221.8	 223.8	 247.5	 221.3	 245.2	 273.6	 364.5	

BCC_CSM1.1-m	 222.5	 223.6	 219.1	 233.9	 225.6	 251.8	 273.6	 338.6	

BNU-ESM	 226.5	 239.0	 248.9	 233.4	 274.9	 375.5	

CanESM2	 214.7	 221.9	 238.2	 218.4	 241.8	 324.1	

CCSM4	 222.3	 224.5	 243.5	 231.9	 280.5	 357.9	

CESM1	(BGC)	 235.0	 234.4	 253.5	 355.2	

CESM1	(CAM5)	 237.7	 240.3	 231.1	 265.2	 249.2	 283.7	 307.6	 371.4	

CMCC-CM	 235.5	 244.3	 266.1	 373.8	

CMCC-CMS	 221.9	 239.5	 271.7	 368.6	

CMCC-CESM	 247.3	 364.5	

CNRM-CM5	 225.3	 236.6	 237.8	 231.8	 269.4	 358.7	

CSIRO	Mk3.6.0	 227.3	 232.7	 197.9	 231.4	 220.7	 222.2	 258.5	 299.3	



FGOALS-g2	 229.3	 229.1	 227.5	 279.5	

FIO-ESM	 214.6	 223.9	 222.8	 238.9	 223.1	 259.5	 273.3	 337.4	

GFDL	CM3	 236.3	 229.6	 257.0	 229.7	 293.8	 364.3	

GISS-E2-H	 217.89	 226.4	 228.2	 239.8	 221.9	 271.3	 288.6	 334.8	

GISS-E2-H-CC	 230.5	 257.5	

GISS-E2-R	 208.9	 225.1	 229.0	 238.2	 228.0	 252.9	 275.3	 334.5	

GISS-E2-R-CC	 226.3	 260.2	

HadGEM2-AO	 224.8	 238.0	 221.9	 238.9	 218.6	 272.2	 290.9	 350.3	

HadGEM2-CC	 242.7	 253.9	 254.6	 365.1	

HadGEM2-ES	 225.0	 242.4	 226.3	 284.1	

INM	CM4	 238.3	 263.4	 257.6	 367.1	

IPSL-CM5A-LR	 172.5	 178.8	 187.3	 190.5	 181.4	 217.0	 219.1	 301.1	

IPSL-CM5A-MR	 177.1	 180.1	 177.9	 191.7	 177.1	 214.1	 236.0	 296.7	

IPSL-CM5B-LR	 167.5	 177.9	 193.0	 260.4	

MIROC-ESM	 231.2	 245.3	 227.3	 265.8	 226.0	 271.0	 319.7	 369.9	

MIROC-ESM-CHEM	 246.6	 234.0	 249.8	 255.7	 239.0	 269.1	 291.1	 373.7	

MIROC5	 230.0	 237.3	 222.5	 243.7	 222.2	 269.1	 278.5	 377.2	



MPI-ESM-LR	 222.3	 226.4	 235.5	 219.9	 253.0	 329.7	

MPI-ESM-MR	 213.0	 222.0	 233.1	 226.9	 262.5	 364.5	

MRI-CGCM3	 224.6	 216.9	 219.9	 229.4	 224.1	 251.4	 285.8	 331.9	

NorESM1-M	 220.5	 229.6	 240.1	 223.9	 279.9	 334.9	

NorESM1-ME	 231.7	 229.3	 240.2	 221.9	 281.3	 356.1	

Mean±Sd(1σ)	 222.0±16.1	 226.4±19.0	 220.6±16.9	 238.5±19.8	 222.8±14.8	 256.4±20.8	 278.2±23.1	 347.8±27.8	
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109	

Figure	S1.	Map	of	regions	used	to	partition	the	globe	into	boreal,	temperate, and110	
tropical	and	arid/semi-arid	biomes.	North	Africa	and	South	Africa	 together are111	
considered	as	Tropical	Africa	regions	in	Fig.	4.	112	

113	



114	

Figure	S2.	Interannual	variability	in	wetland	area	and	CH4	emissions	(error	bars	115	
represent	1σ	standard	deviation	of	all	model	estimates)	in	the	2050s	and	2090s	116	
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relative	to	historical	levels	(average	of	1960-1990)	for	13	regions	and	the	global	117	
average	(BoNA:	Boreal	North	America;	TeNA:	Temperate	North	America;	TrSA:	118	
Tropical	South	America;	TeSA:	Temperate	South	America;	NAf:	North	Africa;	SAf:	119	
South	 Africa;	 BoEA:	 Boreal	 Eurasia;	 TeEA:	 Temperate	 Eurasia;	 TrAS:	 Tropical	120	
Asia;	 Aus:	 Australia;	 Eur:	 Europe;	 semiNAf:	 semi-arid	 North	 Africa;	 semiSAf:	121	
semi-arid	South	Africa;	Gl:	Global)	under	a.	RCP2.6,	b.	RCP4.5,	c.	RCP6.0,	and	d.		122	
RCP8.5	scenario.	123	

124	



125	

Figure	S3.	Regional	partial	correlations	between	wetland	area	from	LPJ-wsl	and	126	
either	 temperature	 (top)	 or	 precipitation	 (bottom).	 This	 analysis	 has	 been	127	
carried	out	for	2.5°	by	2.5°	moving	windows.	Therefore,	 for	each	0.5°	pixel,	 the	128	
surrounding	 5x5=25	pixels	 have	 been	 used.	 Shown	 are	 significant	 correlations	129	
(p<0.01)	of	which	the	correlation	coefficient	is	higher/lower	than	±0.2.	130	
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132	

Figure	S4.	Regional	partial	correlations	between	heterotrophic	respiration	from	133	
LPJ-wsl	and	either	temperature	(top)	or	precipitation	(bottom).	This	analysis	has	134	
been	carried	out	 for	2.5°	by	2.5°	moving	windows	surrounding	each	0.5°	pixel.	135	
Shown	are	significant	correlations	(p<0.01)	of	which	the	correlation	coefficient	is	136	
higher/lower	than	±0.2.	137	
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139	

140	

Figure	 S5.	 Annual	 variability	 of	 simulated	 wetland	 areal	 extent	 over	 major	141	
boreal	regions	in	future	RCPs.	142	
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143	

Figure	 S6.	 The	 comparison	 of	 time	 evolution	 of	 climate	 feedback	 parameter	 λ	144	
between	scenario	with	and	without	 inclusion	of	wetland	CH4	 feedback	for	each	145	
RCP	scenario.	The	feedback	parameter	(unit:	W	m-2	K-1)	is	calculated	as	the	ratio	146	
of	the	change	in	global	mean	surface	temperature	to	radiative	flux	at	the	top	of	147	
the	atmosphere,	assuming	a	linear	energy	balance	model	(31).	148	
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152	
Figure	S8.	Time	series	of	predicted	future	CH4	emission	from	original	CMIP5	153	
simulations	and	Monte	Carlo	simulations	based	on	a	multiple	linear	regression	154	
approach.		155	
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